Abstract. ttugoniot data in the 4-to 250-kb stress range were obtained for quartzite and novaculite, sandstones of varying porosity, single-crystal calcite, marble, porous and nonporous limestone, several plagioclases of varying composition, and a basalt. Conventional plane-wave, in-contact explosive assemblies were used; the shock state was computed from measured shock velocities; particle velocities are inferred from either specimen or driver plate free-surface motion. Impedence 
The present range of shock stresses is such that a multiwave shock front is always observable when the shock stress exceeds a stress value, a,, at the Hugoniot elastic limit (abbreviated hereafter as I-IEL). According to present hypotheses [Duvall and Fowles, 1963 in Figure 2 (exothermic) where a multiwave shock may exist over a certain stress range due to the cusp at A. As in the case of the ITEL, the stability of more than one shock front is predicted by (6). The cusp at B does not, in general, produce a multiple shock; the Itugoniot in this region is obtained from a series of experiments where successively stronger shocks trace out states along ABC. Since two quantities, shock and particle velocity, associated with each state of a multiwave shock front are usually measured, there is, in principle, no method of distinguishing the ItEL phenomenon from polymorphism by using shock compression data alone. Even when elastic-wave velocities, and supplementary phase equilibrium and thermodynamic data, become available (e.g., in calcite rocks, described below), interpretation of observed transition points on the Hugoniot may be difficult.
Experimental techniques. The experimental techniques described are designed to measure shock velocity U• and particle velocity u•, in order to calculate stress a•, volume V•, and change in specific internal energy E• --Eo, by using (1), (2), and (3). Quantities which refer to an initial state in (1), (2), and (3) are assumed to be known because they refer either to the uncompressed state or to the state achieved via a previous shock front, in which case they have been calculated. The three optical techniques described were developed for shock measurements in metals; the description emphasizes aspects which apply uniquely to brittle materials. velocity indicated by 0' and assuming that this is equal to twice the particle velocity. Thus the locus of unloading states AO' is assumed to be the mirror image of the loading curve OA. This approximation is valid if no irreversible structural changes occur and if the entropy increase from 0 to A is small [Rice et al., 1958] . This seems to be the case, since the shock velocities The inclined mirror and impedance-match method and the plane-wave wedge method (next section) suffer a disadvantage in that the particle velocity obtained corresponds to that in a plane at either the upper-or lower-specimen surface, whereas the shock velocity obtained corresponds to an average of the travel time through the specimen. Although the use of thick explosive pads and driver plates in the experiments can, in principle, minimize the hydrodynamic attenuation [Courant and Friedrichs, 1948 , chapter 3] in a nonsteady ideal shock, attenuation resulting from dissipative mechanisms, particularly in porous rocks, must be seriously examined. For the plane-wave methods shock velocity is often measured through specimens of different thicknesses, permitting the shock velocity to be corrected to the plane of the particle velocity determination.
Plane
The experimental arrangement (Figures 4a  and 4b) consists of a plane-wave explosive lens and a cyhndrical high-explosive pad which is placed in contact with a driver assembly. A planar shock of an amplitude characteristic of the high-explosive type [Duvall and Fowles, 1963] and, to a lesser extent, of the explosive and driver plate thickness is driven into the specimen. The cast explosive pad, uniform in density and free from visible defects, is often placed in contact with the lapped surface of one or more driver plates (not illustrated by shot in Figure 4) . The I-Iugoniots of the driver plate mediums are usually known. The explosive pad and driver plates. are fiat and parallel to within 0.001 in. The explosive pad, when detonated by the plane-wave lens, induces a shock which emerges from the driver plate with a planarity of typically -4-0.02 /•scc across 75% of the explosive pad diameter. The explosive systems used to obtain the present data are summarized in Table 1. One or more specimens with appropriate flat and inclined mirrors (Figures 4a and 4b) are cemented to the upper surface of the driver plate. The lower surfaces of the mirrors (and specimens, when these are transparent) are aluminized. The upper surface of the driver plate supporting the inclined mirror(s) and specimen(s) is enclosed in a vacuum chamber and evacuated to •0.001 bar. The assembly is illuminated from above through a plate-glass port by an argon flash bomb. The light reflec- Plane-wave wedge method. A wedge-shaped specimen ( Figure 5 ), in combination with a planar explosively driven shock (Table 1) , is used to observe continuously the particle velocity profile of a multiwave shock front at a series of points corresponding to a range of shock propagation path lengths. Because polished rock surfaces generally do not reflect light specularly after incidence of a fairly weak shock front, the scheme described below was devised to determine both shock front arrivals and particle velocities in the oblique geometry of the planewave wedge and the two-dimensional wedge.
Two metal plates (faces parallel to ___0.001 in.), polished on one side and chosen for a shock impedance greater and less than that expected in the specimen, are cemented to the upper specimen surface. The wedge angle of the specimen is of the order of 10 ø. A similarly shaped metal wedge (usually aluminum) with a polished surface is also mounted on the aluminum driver plate. Small glass mirrors mounted on the driver plate serve to monitor the incident shock pla- A check on the determination of state C •, providing an upper limit to the true value (because of shock attenuation in the specimen), is available from knowledge of the final shock state in the driver plate obtained from streak deflections from a wedge of material (usually aluminum) identical to the driver plate (Figures 5 and 6 ). For a free-surface velocity 0 "• corresponding to a state F in the driver (Figure 7) , a state C" is obtained in the specimen from the impedance-match method. Two-dimensional wedge method. The twodimensional wedge technique [Katz et al., 1959; Fowles, 1961a] , although more dimcult to perform and analyze than the methods already described, is advantageous because it yields Itugoniot data over a stress range in one experiment. It is especially useful at lower stress levels that are troublesome to achieve in plane geometry with explosive systems. A detonation front of constant velocity D propagates in an explosive slab in contact with a bar-shaped specimen. This produces within the specimen a curved shock front resulting from shock attenuation. When the detonation and accompanying oblique shock front have traveled far enough, a steady shock configuration will exist in the specimen; i.e., the point of intersection of the shock with any line 00 • (Figure 8) will travel with the detonation velocity. As in the plane-wave wedge method two metal mirrors are cemented on the wedge surface. These detect both the intersection velocity U,, ar• and mirror deflection A,• induced by each of the n shocks produced in the specimen.
The analysis required to obtain ttugoniot data for the two-dimensional wedge is similar to that for the plane-wave experiment; the main difference is that shock velocity, in addition to particle velocity, can be observed to vary signifi- (Figure 10 ). For different cuts of quartz, it is not clear how I-Iugoniot data are best represented in the stress-volume or stress-particle velocity plane so that they may be compared with those for polycrystalline quartz. Wackerle has calculated the shock and particle velocities in quartz that are appropriate to hypothetical shock transitions directly from zero stress to shock states normally achieved only by means of a two-wave shock. These hypothetical shock and particle velocities are combined for x, y, and z cuts and are analytically fitted to straight lines in different stress ranges. The straight line obtained by Hugoniot, quartz and solid quartz rocks. Several attempts were made to prepare specularly reflecting surfaces of polycrystalline quartz so that the two-dimensional and planewave wedge method could be applied without the use of metal mirrors. Although such surfaces were attainable, their reflectivity is unfortunately immediately lost above ItEL stress levels. Only states substantially below the ItEL in quartz rocks are observable by using bare rock as the reflecting surface.
Sandstones Table 4) .
The two-dimensional wedge method is used to obtain shock states up to only the I-l-EL. In the case of the two-wave shock the inclined mirror and plane-wave wedge techniques are used. For these methods, the ItEL is computed from freesurface velocity measurements, and the final state is computed by an impedance-match solution by using the HEL as the initial state. The general indistinctness and unevenness of the streak camera cutoffs (Figure 12 ) for porous rock are believed to produce some of the scatter in the data, particularly at free-surface velocities of less than 2 mm/•sec. For some of the streak camera records, where resolution of the streak cutoff permitted, a correction for shock attenuation could be applied. The effect on
•hock planartry of rarefaction waves emanating from the specimen edges limited most of the experiments to specimens between 5 and 13 mm thick and 20 to 50 mm in diameter, using a 6-or 8-in.-diameter explosive lens. For these dimensions the size of the rock grains, particularly when they are as large as 0.5 mm, undoubtedly Figure 13 ; these were not used in calculating the shock states. Although the freesurface velocity data in this range are not entirely self-consistent, they and the Hugoniot curve imply that above the elastic limit to approximately 25 kb successively higher stress states are achieved via what is perhaps an irreversible crushing of the sandstone up to the quartz density. Figure 13 also suggests that the compressed sandstone, in states between 50 and 130 kb, rarefies along a stress-particle velocity curve close to that which would be expected if the material produced by the shock were solid quartz. Actually, a correct model would be more complicated, since at approximately 37 kb the Hugoniot points for Coconino sandstone lie consistently at smaller volumes than that of either single or polycrystalline quartz. The implication of this behavior in relation to the temperature achieved during shock compression is considered below.
To obtain an approximate independent confirmarion of the Itugoniot data gathered from the above-described optical methods, we performed a less refined but perhaps more direct experiment with flash X-ray equipment. The data listed under shot 8269 in Table 4 were obtained from the X-ray shadowgraph shown in Calculation o• shock temperature in sandstone. The temperatures achieved in nonporous rocks and minerals during shock compression are rather moderate. For many nonporous solids the temperature achieved upon shock compression and subsequent adiabatic relaxation is approximately calculable by the method described by Walsh and Christian [1955] . To date, temperatures reached by shock-wave compression of porous rocks have not been specifically discussed. ......................................................... . i ............... '. '. i•i ."   ...... -• ...... •. •.•x,•,,,•,,,•< ........... • ......... •-....,•,,•,...,,• .............. .:,,,:.,, •. ........................... '"'¾'•'-:---'"•.......•.•.•..<:. •?• ........ •...'i• ........... 
For regime II, in the case of silicate minerals, the I)ebye temperature is higher than the shock temperature; therefore, a constant value of specific heat--such as 6 cal/mole deg, the I)u- 
where ( 1. What appears to be the irreversible nature of shock compression to states in regime II suggests that most of the shock energy should go into heat. However, from the Mie-Griineisen equation (see e.g. Rice et al. [1958] ) it is possible to predict the thermal pressure achieved by quartz remaining at its normal uncompressed volume upon addition of an amount of internal energy which corresponds to the maximum shock energy in regime II. From Table 5 the thermal pressure is as low as indicated by the Mie-Griineisen equation for quartz and the higher observed shock pressure is produced by rigidity of sandstone above the ITEL, producing a temperature overestimate in regime II, or the shocked material has thermodynamic properties corresponding to a larger effective value of (dP/dT)• than single-crystal quartz. In these calculations the latter has been implicitly assumed. of stishovite is calculated using only zero-pressure volumes, the change of free energy in (32), to the same degree of approximation, is rewritten as AF%8 --(¾q --¾os)P, yielding 74.9 kb for P. The approximate phase line, for this pressure value and the calculated slope, is shown in Figure 16 . The existence of more than one wave in the shock front (as described by (6)) is demonstrated for z-cut calcite by the inset in Figure   17 and Table 7 kb by an increasingly greater amount there occurs a triple shock, a double shock, and finally a single shock, the latter being stable above approximately 248 kb. The shock front from the first instability (Figure 17 ) is interpreted as arising from the HEL with amplitude varying from 18.5 to 23.7 kb in different orientations (Table 8) . Firstwave shock velocities are in disagreement with longitudinal elastic-wave velocities by up to 5.5% (in the y direction, ( ing because it is not easily attributed to scatter in the shock data (Table 6) Table 9 ). The HEL, varying from 10 to 15 kb, is followed by three apparent transitions lying at approxi- Aside from possible dependence of the HEL on composition and initial volume--neither being presently well defined--the maximum elasticwave amplitude is observed to increase with increasing second-wave amplitude for the same specimen thickness. This is illustrated by the data for anorthosite (Table 10) The phenomenon appears to occur also in quartz rocks and calcite (see above).
The specific volumes achieved in regime

The difference in internal energy
The albite and labradoritc specimens are so oriented that the shock plane is parallel to a cleavage plane in a material which may be termed 'single crystal' only in gross features, since it displays large volumes of profuse twinning. The lack of control in crystallographic direction and the elastic anisotropy observed in plagioclase minerals [Alexandrov and Ryzhova, 1962] suggest that the observed 20-kb difference in HEL value for labradoritc and albite in shot 9231 may not be related to compositional variation. This stress difference is striking, however, because the specimens are subjected to the same incident shock and are of similar thickness.
Summary. Hugoniot equation-of-state data for quartzite, novaculite, sandstone, singlecrystal calcite, marble, limestone, basalt, and plagioclase were obtained in the stress range of 4 to 250 kb, primarily by using planar, in-contact explosive assemblies. Two-dimensional wedge experiments yielded useful data for porous rocks only at lower stress levels. Shock states were computed from measured shock velocities and either specimen or driver plate free-surface velocities. Impedance-match solutions were used for porous rocks. Stishov [1963] . On the basis of zero-pressure volumes, the quartzstishovite phase line is given by P = 74.9 q-0.0177 T (P in kb and T in ø C). Under standard conditions, a quartz-stishovite internal energy difference of 10.2 X 10' ergs/g is computed; this is similar to 15.0 X 10 * ergs/g obtained by McQueen et al. Single-crystal calcite displays an elastic wave of 22-kb amplitude, followed by a series of complex apparent transitions occurring at 30, 45, and 95 kb and giving rise to four shock fronts between 42 and 51 kb; these values vary slightly with specimen orientation. At the calcite elastic limit, the computed mean hydrostatic stress of 13 kb and the observed specific volume suggest that the yielding is induced by transition to one of the series of metastable polymorphs observed by Bridgman [1939] and Adadurov et al. [1961] . In marble and limestone, above elastic limits of 5 to 15 kb, transitions appear at 22, 45, and 90 kb. The elastic limit in marble appears to be related to mechanical yielding rather than to polymorphism, since the estimated hydrostatic pressure at the average elastic limit is 6.9 kb; this is considerably below the transitions to metastable forms of CaCOo. The apparent shock transitions in marble do not appear to relate simply to those observed statically. The apparent transition at 95 kb, which is eonsistently Although the effect of the change in direction of the free surface produced by the (n-1)th shock on the determination of U, is treated, the effect on U, of the free-surface displacement resulting from the free-surface velocity is neglected.
Polycrystalline nonporous quartz
